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20 ABSTRACT 

21 Porcine deltacoronavirus (PDCoV) has recently emerged as an enteric pathogen that 

22 can cause serious vomiting and diarrhea in suckling piglets. The first outbreak of 

23 PDCoV occurred in the United States in 2014 and was followed by reports of PDCoV 

24 in South Korea, China, Thailand, Lao people’s Democratic Republic, and Vietnam, 

25 leading to economic losses for pig farms and posing considerable threat to the swine 

26 industry worldwide. Our previous studies have shown that PDCoV encodes three 

27 accessory proteins, NS6, NS7, and NS7a, but the functions of these proteins in viral 

28 replication, pathogenesis, and immune regulation remain unclear. Here, we found that 

29 ectopic expression of accessory protein NS6 significantly inhibits Sendai 

30 virus-induced interferon-|3 (IFN-P) production, as well as the activation of 

31 transcription factors IRF3 and NF-kB. Interestingly, NS6 does not impede the IFN-P 

32 promoter activation mediated via key molecules in the RIG-I-like receptor (RLR) 

33 signaling pathway, specifically RIG-I, MDA5, and their downstream molecules 

34 MAVS, TBK1, IKKe, and IRF3. Further analyses revealed that NS6 is not a 

35 RNA-binding protein; however, it interacts with RIG-I/MDA5. This interaction 

36 attenuates the binding of double-stranded RNA by RIG-I/MDA5, resulting in the 

37 reduction of RLR-mediated IFN-P production. Taken together, our results demonstrate 

38 that ectopic expression of NS6 antagonizes IFN-P production by interfering with the 

39 binding of RIG-I/MDA5 to double-stranded RNA, revealing a new strategy employed 

40 by PDCoV accessory proteins to counteract the host innate antiviral immune 

41 response. 
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42 IMPORTANCE 

43 Coronavirus accessory proteins are species-specific, and they perfonn multiple 

44 functions in viral pathogenicity and immunity, such as acting as interferon (IFN) 

45 antagonists and cell death inducers. Our previous studies have shown that porcine 

46 deltacoronavirus (PDCoV) encodes three accessory proteins. Flere, we demonstrated 

47 for the first time that PDCoV accessory protein NS6 antagonizes IFN-P production by 

48 interacting with RIG-I and MDA5 to impede their association with double-stranded 

49 RNA. This is an efficient strategy of antagonizing type 1 IFN production by disrupting 

50 the binding of host pattern recognition receptors (PRRs) and pathogen-associated 

51 molecular patterns (PAMPs). These findings deepen our understanding of the function 

52 of accessory protein NS6 and may direct us toward novel therapeutic targets and lead 

53 to the development of more effective vaccines against PDCoV infection. 
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54 INTRODUCTION 

55 Porcine deltacoronavirus (PDCoV) is a swine enteropathogenic coronavirus that can 

56 lead to acute diarrhea and vomiting in infected nursing piglets (1-3). PDCoV was first 

57 detected in Hong Kong in 2012 (4). However, the first outbreak of PDCoV occurred 

58 in Ohio in 2014, after which it rapidly spread to other states of the United States (5-9). 

59 Subsequently, other countries, including South Korea (10), China (11-13), Thailand 

60 (14), Lao people’s Democratic Republic (15), and Vietnam (16) have reported a 

61 prevalence of PDCoV. Furthermore, a recent report indicated that calves are also 

62 susceptible to PDCoV, highlighting the significant threat to animal health posed by 

63 this virus and gaining tremendous attention (17, 18). 

64 PDCoV is an enveloped, single-stranded, positive-sense RNA virus belonging to 

65 the genus Deltacoronavirus of the family Coronaviridae (4). The full-length genome 

66 of PDCoV is approximately 25.4 kb in length, with the essential genes occurring in 

67 the order 5' UTR-ORFla/lb-S-E-M-NS6-N-NS7-NS7a-3' UTR and encoding a total 

68 of 15 mature nonstructural proteins, four structural proteins, and three accessory 

69 proteins (13, 19-21). Coronavirus accessory proteins are species-specific, and each 

70 coronavirus encodes various amounts of accessory proteins interspaced between viral 

71 structural protein genes. For example, feline infectious peritonitis virus (FIPV), which 

72 is an alphacoronavirus, and infectious bronchitis virus (IBV), which is a 

73 gammacoronavirus, each have four accessory proteins, while another 

74 alphacoronavirus, porcine epidemic diarrhea virus (PEDV), has only one accessory 

75 protein and the betacoronavirus severe acute respiratory syndrome coronavirus 

4 


D 

o 


Downloaded from http://jvi.asm.org/on May 16, 2018 by King's College London 


cfWology JVI Journal of Virology Accepted MdnUSCfTpf Posted OfTlme 


76 (SARS-CoV) has eight (22). Though coronavirus accessory proteins have been widely 

77 considered to be dispensable for viral replication in vitro (23-25), extensive reports 

78 have indicated that many accessory proteins are involved in immune regulation, such 

79 as SARS-CoV ORF3b, ORF6, and ORF9b (26-28), the Middle East respiratory 

80 syndrome coronavirus (MERS-CoV) ORF4a and ORF4b (29-31), and mouse hepatitis 

81 virus (MHV) ns2 (32, 33). To our knowledge, there is no report on the functions of 

82 PDCoV accessory proteins. 

83 In virus-infected cells, certain viral RNA replication intermediates, leader RNAs, 

84 or defective interfering RNAs with 5' triphosphates are generated, and these 

85 substances act as pathogen-associated molecular patterns (PAMPs) that are recognized 

86 by host pattern-recognition receptors (PRRs), such as retinoic acid-induced gene I 

87 (RIG-I) and melanoma differentiation gene 5 (MDA5) in the cytoplasm (34-36). Upon 

88 PAMP recognition, RIG-I and MDA5 are activated, resulting in the recruitment of 

89 mitochondrial antiviral signaling protein (MAVS) (also known as IPS-1, VIAS, or 

90 Cardif) to the RIG-I-like receptor (RLR) signalosome; this leads to IFN-P production 

91 via activation of the complex formed by transcription factor IRF3 and 

92 NF-KB-activator TBKl/IKKe followed by the subsequent activation of IRF3 and 

93 NF-kB (37, 38). However, many viruses, including CoVs, have evolved various 

94 mechanisms to antagonize IFN via targeting multiple steps in the IFN signaling 

95 pathway (39-44). Previous studies have demonstrated that PDCoV infection 

96 suppresses the RIG-I-mediated production of type I IFN (45). However, the details of 

97 the molecular mechanism by which PDCoV regulates IFN activity are still largely 
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98 unknown. Accessory protein NS6 is encoded between the M and N genes in the 

99 PDCoV genome; it is expressed in virus-infected cytoplasm and has been detected in 

100 purified virions (19). Interestingly, SARS-CoV accessory proteins ORF6 and ORF9b 

101 have also been identified as virion-associated proteins, as well as IFN antagonists 

102 (46-48). Therefore, we are aimed to investigate whether or not PDCoV NS6 

103 participates in the regulation of the RLR-mediated IFN signaling pathway. 

104 In this study, our findings clearly reveal that overexpression of PDCoV NS6 

105 inhibits IFN-P production via interacting with RIG-I and MDA5 to disturb their 

106 association with PAMP double-stranded RNA (dsRNA), a known initial step of IFN 

1 07 signaling pathway. 

108 

109 RESULTS 

110 PDCoV NS6 inhibits Sendai virus (SeV)-induced IFN-p production 

111 To investigate whether or not PDCoV NS6 is an IFN antagonist, human embryonic 

112 kidney (HEK-293T) cells or porcine kidney (LLC-PK1) cells were co-transfected for 

113 24 h with increasing amounts of NS6 expression plasmid (pCAGGS-HA-NS6) or 

114 empty vector, together with the firefly luciferase reporter plasmid IFN-P-Luc and 

115 Renilla luciferase reporter plasmid pRL-TK (as internal control), and then infected 

116 with SeV for 12 h. The cells were lysed, and the resultant lysates were subjected to 

117 dual-luciferase reporter assays. The results showed that the SeV-induced IFN-P-Luc 

118 promoter activation was significantly inhibited by NS6 overexpression in both cell 

119 lines (Fig. 1A and IB). To further confirm the results from these IFN-P-Luc reporter 
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120 assays, we performed IFN bioassays by using an IFN-sensitive vesicular stomatitis 

121 virus expressing green fluorescent protein (VSV-GFP). The level of VSV-GFP 

122 replication is inversely linked to the levels of secreted IFN-a/p from the transfected 

123 FIEK-293T cells. As seen in Fig. 1C, cellular supernatants from SeV-infected cells 

124 significantly inhibited the replication of VSV-GFP in F1EK-293T cells. However, the 

125 natural replication of VSV-GFP was, to a large extent, restored by the presence of 

126 supernatants from cells expressing NS6 compared with that of supernatants from 

127 empty vector-transfected cells. To rule out the possibility that the NS6 protein itself 

128 affects the replication of SeV, relatively quantitative real-time RT-PCR was performed 

129 to detect SeV HN gene expression in pCAGGS-HA-NS6-transfected HEK-293T cells. 

130 As shown in Fig. ID, there was no significant difference in the amount of SeV HN 

131 mRNA in pCAGGS-HA-NS6-transfected cells compared with that in empty 

132 vector-transfected cells, indicating that the observed NS6-mediated inhibition of IFN 

133 expression was not due to a general restriction of SeV replication. These results 

134 strongly indicate that PDCoV NS6 antagonizes IFN-P production. 

135 

1 36 PDCoV NS6 impairs activation of IRF3 and NF-kB 

137 The transcription factors IRF3 and NF-kB are required for the induction of IFN-P 

138 production. Since our above results indicate that PDCoV NS6 antagonizes IFN-P 

139 production, we next explored the effect of NS6 on the activation of IRF3 and NF-kB. 

140 To this end, HEK-293T cells were transfected with pCAGGS-HA-NS6 and the 

141 luciferase reporter plasmid IRF3-Luc or NF-kB-Luc (each contains four copies of the 
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142 IRF- or NF-KB-binding motif of the IFN-P promoter upstream of the firefly luciferase 

143 reporter gene), along with the internal control plasmid pRL-TK, followed 24 h later 

144 by stimulation with SeV for 12 h. As seen in Fig. 2, the SeV-induced activation of 

145 both IRF3-dependent (Fig.2A) and NF-KB-dependent (Fig.2B) promoters was 

146 dose-dependently impaired by overexpressing NS6. 

147 IRF3 and NF-kB are regarded as critical regulatory factors in the initiation of the 

148 innate antiviral response. They are activated via phosphorylation and nuclear 

149 translocation upon viral infection, followed by the assembly of coordinately activated 

150 transcription factors and the induction of transcription of specific defense genes, such 

151 as IFN-P (49, 50). Therefore, we further investigated the impact of NS6 protein on the 

152 phosphorylation and nuclear translocation of IRF3 and NF-kB by perfonning western 

153 blotting and indirect immunofluorescent assays (IFAs). As shown in Fig. 2, the levels 

154 of phosphorylated IRF3 and p65 were markedly enhanced in SeV-infected cells 

155 compared with those in mock-infected cells. However, the SeV-mediated IRF3 and 

156 p65 phosphorylation levels were notably lower in NS6-expressing cells (Fig. 2C and 

157 2D). In agreement with the western blot results, the nuclear translocations of IRF3 

158 and p65 were also impeded by NS6 protein (Fig. 2E and 2F). These results strongly 

159 support the idea that PDCoV NS6 acts as an IFN antagonistic protein by blocking the 

160 activation of IRF3 and p65. 

161 

162 PDCoV NS6 fails to disrupt IFN-P promoter activation driven by RIG-I, MDA5, 

163 MAVS, TBK1, IKKx, or IRF3 
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164 SeV is a strong inducer of the RLR-mediated IFN-P signaling pathway (51). The 

165 finding that NS6 protein inhibits the SeV-mediated activation of IRF3 and p65 

166 indicates that NS6 protein may block the RLR-mediated type IIFN signaling pathway. 

167 To investigate this possibility and to detennine at which step the NS6 protein displays 

168 its activity, we measured the effect of NS6 on the IFN-P production induced by a 

169 series of key signaling molecules in the RLR signaling pathway, specifically RIG-I, 

170 RIG-IN (a constitutively activated RIG-I mutant), MDA5, MAVS, TBK1, IKKe, and 

171 IRF3. Based on a comparison with the corresponding empty vector-transfected cells, 

172 NS6 failed to block the activation of the IFN-P promoter in cells overexpressing any 

173 of the above signaling molecules (Fig. 3). These results suggest that the inhibition of 

174 IFN-P production by NS6 may occur via targeting the RLR signaling pathway at the 

175 level of RIG-I/MDA5 or the upstream signaling components. 

176 

177 NS6 protein blocks the IFN-P promoter activation induced by the combination of 

178 RIG-I/MDA5 and SeV/poly(I:C) 

179 Although NS6 does not inhibit RIG-I/MDA5-mediated IFN-P promoter activation 

180 (Fig. 3A and 3B), the ectopic expression of NS6 significantly inhibits SeV-mediated 

181 IFN-P production (Fig. 1A and IB). To further investigate the role of NS6, we next 

182 examined the effect of NS6 on the SeV-induced IFN-P promoter activation in RIG-I- 

183 or MDA5-expressing cells. HEK-293T cell were transfected with an expression 

184 construct encoding full-length RIG-I or MDA5 or with an empty vector, along with 

185 pCAGGS-HA-NS6 or its corresponding empty vector. After 24 h, these cells were 
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186 stimulated with SeV or poly(I:C) (a synthetic mimic of dsRNA) for 12 h, after which 

187 dual-luciferase reporter assays were perfonned. As shown in Fig. 4, SeV/poly(I:C) 

188 stimulation notably induced the activation of the IFN-P promoter, but the increased 

189 activation was significantly lower in the presence of NS6 protein. Overexpression of 

190 either RIG-I or MDA5 resulted in a significant activation of IFN-P promoter, and this 

191 activation did not appear to be inhibited by NS6 protein. These results are consistent 

192 with those shown in Fig. 1A and Fig. 3A and 3B. RIG-I/MDA5-mediated activation of 

193 the IFN-P promoter increased dramatically following stimulation with SeV or 

194 poly(I:C). However, the synergistic activation of IFN-P promoter induced by RIG-I 

195 (Fig. 4A and 4B) or MDA5 (Fig. 4C and 4D) coupled with SeV/poly(I:C) was 

196 significantly inhibited by NS6 protein. Based on these findings, we speculate that the 

197 inhibition of IFN-P production by NS6 may occur at the 

198 RIG-I/MDA5-dsRNA-recognition step. 

199 

200 NS6 protein interacts with both RIG-I and MDA5 

201 To further investigate the hypothesis that NS6 targets the initial 

202 RIG-I/MDA5-dsRNA-recognition step, we tested if NS6 is able to interact with RIG-I 

203 or MDA5, leading to the blockage of their functions. HEK-293T cells were 

204 co-transfected with expression plasmids encoding HA-tagged NS6 protein and 

205 Flag-tagged RIG-I or MDA5, followed by co-immunoprecipitation (Co-IP) and 

206 western blot analyses with anti-HA and anti-Flag monoclonal antibodies (MAbs), 

207 respectively. Both RIG-I and MDA5 were efficiently co-immunoprecipitated with 
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208 HA-NS6 by anti-HA MAb (Fig. 5A and 5B). In a reverse Co-IP experiment, NS6 

209 proteins were also efficiently co-immunoprecipitated with RIG-I or MDA5 by 

210 anti-Flag MAb (Fig. 5C and 5D). Furthermore, IFAs also demonstrated that HA-NS6 

211 and Flag-RIG-I or MDA5 were co-localized and were both distributed predominately 

212 in the cytoplasm (Fig. 5E and 5F). 

213 Previous studies have identified RIG-I and MDA5 as dsRNA-binding proteins 

214 (29, 52). Based on this feature, we hypothesized that the interaction between NS6 and 

215 RIG-I or MDA5 may be mediated by RNA with a tertiary complex form. To test this 

216 possibility, HEK-293T cells were co-transfected with NS6 and RIG-I or MDA5 

217 expression plasmids for 24 h, followed by the transfection with poly(I:C). To exclude 

218 the non-specific binding of NS6 with RIG-I or MDA5, cells co-transfected with 

219 plasmid encoding green fluorescent protein (GFP) were used as control. The lysates 

220 from transfected cells were treated with RNase A (50 ug/ml, TaKaRa) and then 

221 subjected to immunoprecipitation with anti-HA (IP: HA). As shown in Fig. 5G and 

222 5H, both RIG-I and MDA5, but not GFP, could be co-immunoprecipitated with NS6 

223 protein under RNase A treatment, and the Co-IP efficiency did not change by the 

224 addition of RNase A. These results indicate that the specific interaction between 

225 RIG-I or MDA5 and NS6 is RNA-independent. 

226 

227 NS6 interacts with the carboxyl terminus domain of RIG-I and the helicase and 

228 carboxyl terminus domains of MDA5 

229 Both RIG-I and MDA5 are RIG-I-like receptors, and they harbor similar functional 
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230 domains for the activation of type I IFN, including two N-terminal 

231 caspase-recruitment (CARDs) domains, a central DExD/FI-box helicase domain (Hel), 

232 and a C-terminal domain (CTD) (53). To explore which domain of RIG-I/MDA5 

233 binds to NS6, various expression plasmids encoding the 2CARD, Hel, or CTD of 

234 RIG-I/MDA5, were constructed. HEK-293T cells were co-transfected with HA-NS6 

235 and a Flag-tagged 2CARD, Hel, or CTD expression plasmid of RIG-I/MDA5. At 28 h 

236 post-transfection, the cells were harvested and subjected to Co-IP analyses with 

237 anti-HA or anti-Flag MAb. When the immunoprecipitation was performed with 

238 anti-HA MAb, NS6 co-immunoprecipitated with the CTD of RIG-I, or the Hel and 

239 CTD of MDA5, but not with other mutants of RIG-I/MDA5 (Fig. 6A and B). In the 

240 reverse Co-IP experiments with anti-Flag MAb, both RIG-I CTD and MDA5 Hel and 

241 CTD were able to co-immunoprecipitate with NS6 (Fig. 6C and D). Together, these 

242 results indicate that NS6 specifically interacts with the CTD of RIG-I and the Hel and 

243 CTD of MDA5 

244 

245 NS6 is not a dsRNA-binding protein 

246 To investigate whether or not NS6 protein is able to bind RNA molecules, we 

247 perfonned a pulldown experiment with poly(I:C)-coated agarose beads or 

248 poly(C)-coated agarose beads (Sigma) (as negative control). This method has been 

249 extensively used to identify viral RNA-binding proteins, such as MERS-CoV 4a and 

250 Ebola VP35 protein (29, 54). RIG-I served as a positive control because it has been 

251 proven to interact directly with poly(I:C) (52). Previous work demonstrated that the 
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252 binding of N protein to RNA is a widespread feature for coronaviruses (55), so we 

253 investigated whether or not PDCoV N protein has a similar characteristic. As shown 

254 in Fig. 7, RIG-I could be detected bound to poly(I:C)-coated agarose beads but not 

255 bound to poly(C)-coated agarose beads, further confinning that RIG-I binds dsRNA; 

256 PDCoV N protein was found bound to both poly(I:C)-coated agarose beads and 

257 poly(C)-coated agarose beads, indicating that PDCoV N protein can bind both double- 

258 and single-stranded RNA. However, NS6 protein was not detected bound to either 

259 poly(I:C)-coated agarose beads or poly(C)-coated agarose beads, verifying that NS6 is 

260 not a RNA-binding protein. 

261 

262 NS6 attenuates the interaction of dsRNA with RIG-I/MDA5 

263 Given our above finding that NS6 is not a RNA-binding protein, the possibility that 

264 NS6 inhibits SeV/poly(I:C)-induced 1FN-(S production by competing with 

265 RIG-I/MDA5 for dsRNA binding can be excluded. Thus, we speculated that NS6 

266 protein disrupts or attenuates the binding of dsRNA with RIG-I/MDA5. A competition 

267 assay was perfonned by using a poly(I:C) pulldown assay. HEK-293T cells were 

268 transfected with Flag-RIG-I or -MDA5 and increasing amounts of HA-NS6. The 

269 clarified lysates from cells transfected with RIG-I or MDA5 expression constructs 

270 were incubated with those from cells transfected with increasing concentrations of 

271 NS6 expression plasmid, followed by supplementation with prepared poly(I:C)-coated 

272 agarose beads for 4 h at 4 °C. Bound RIG-I or MDA5 was then detected by western 

273 blotting. As seen in Fig. 8, the expressions of RIG-I, MDA5, and NS6 proteins were 
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274 clearly detected in whole cell lysates; however, significantly lower amounts of RIG-I 

275 (Fig. 8A) and MDA5 (Fig. 8B) co-immunoprecipitated with poly(I:C)-coated agarose 

276 beads were detected with increasing concentrations of NS6 protein. These results 

277 indicate that NS6 protein at least partially functions to block the recognition or 

278 binding of dsRNA by RIG-I or MDA5, leading to the antagonism of IFN-P 

279 production. 

280 

281 DISCUSSION 

282 As species-specific proteins of coronaviruses, accessory proteins have received 

283 increasingly more attention over the past decade, and novel accessory proteins 

284 encoded by coronaviruses have been continually identified in virus-infected cells, 

285 such as the ORFX of bat SARS-like coronavirus (56) and the NS7a protein of PDCoV 

286 (20). In this study, we investigated the function of PDCoV NS6. Our results reveal 

287 that NS6 possesses the property of antagonizing IFN-P production, and it does so by 

288 interacting with the CTD of RIG-I and the Hel and CTD of MDA5, which attenuates 

289 the binding of RIG-I/MDA5-dsRNA. 

290 RIG-I and MDA5 belong to the RIG-I-like helicase group of the SF2 family, and 

291 they are important cytoplasmic PRRs, which function as viral dsRNA receptors to 

292 initiate the type I IFN response against infection with an RNA virus (57). For CoV, 

293 MDA5 appears to be more important than RIG-I to recognize CoV replicative 

294 intennediates (58, 59). In an effort to evade host immune surveillance, many viral 

295 proteins target these two molecules to disrupt IFN signaling. For example, both 
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296 human respiratory syncytial virus NS2 protein and New World Arenavirus Z protein 

297 antagonize the activation of IFN-P production via interacting with RIG-I to disturb its 

298 association with the downstream signaling molecule MAVS (60, 61). Additionally, the 

299 X protein encoded by Hepatitis B virus suppresses virus-triggered IFN-P induction via 

300 interacting with MDA5 and MAVS to disrupt the formation of the MDA5-MAVS 

301 complex (62). Furthermore, influenza A virus nonstructural protein 1 (NS1) interacts 

302 with RIG-I and inhibits RIG-I ubiquitination to antagonize RIG-I-mediated IFN-P 

303 production (51, 63). In this study, we found that PDCoV NS6 also interacts with 

304 RIG-I/MDA5; however, differently from the mechanisms used by the viral proteins 

305 mentioned above, PDCoV NS6 does not inhibit IFN-P production by overexpressing 

306 RIG-I or MDA5. Moreover, NS6 also does not interact with MAVS and does not 

307 disrupt the complex formation of RIG-I and MAVS, TBK1, or IKKx (data not shown), 

308 which is not surprising given that NS6 does not inhibit the IFN-P promoter activity 

309 induced by RIG-I, MDA5,MAVS, or their downstream molecules (Fig. 3). 

310 Our results also demonstrate that PDCoV NS6 specifically interacts with the 

311 CTD of RIG-I, however, it can interacts with the Hel and CTD of MDA5. RIG-I and 

312 MDA5 have similar domain structures, possessing N-tenninal tandem CARDs, a 

313 central DExD/H-box type RNA helicase containing two RecA domains (Hel-1 and 

314 Hel-2) with a family-specific insertion named Hel-2i within Hel-2, and a CTD (53, 64, 

315 65). Based on the different molecular mechanisms for dsRNA recognition by MDA5 

316 and RIG-I, especially the structural mechanism for the divergent RNA recognition by 

317 RIG-I and MDA5 (65-68), the different interaction domain between RIG-I and MDA5 
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318 with NS6 is reasonable and can be explained. Previous studies demonstrated that the 

319 RIG-I CTD caps the dsRNA end and plays a predominant role in high-affinity binding 

320 and selectivity for dsRNA (66), while the MDA5 CTD binds to the dsRNA stem (65). 

321 Differently from RIG-I helicase domain, MDA5 helicase domain also contributes to 

322 the dsRNA stem recognition, and its role is beyond simply providing additional RNA 

323 affinity but likely includes precise positioning of the CTD for efficient recognition of 

324 the dsRNA stem (65). Interactions with the CTD of RIG-I and the Hel and CTD of 

325 MDA5 make the NS6 to block the binding of RIG-I/MDA5 with dsRNA. Take RIG-I 

326 for example, the binding of its CTD for viral RNA PAMPs can serve as the first step 

327 in initiating the activation of downstream signaling pathways (64). In the ligand-free 

328 state, the binding of CARDs to Hel-2i results in the fonnation of an auto-repressed 

329 state for this protein by sterically hindering the access of ubiquitination enzymes and 

330 of polyubiquitin binding to CARDs. Upon viral infection, the initial binding of viral 

331 dsRNA to the CTD results in its functional transformation from an auto-repressed 

332 state into a signaling competent configuration and the release of CARDs, 

333 subsequently leading to the 2CARD oligomerization, followed by its interaction with 

334 MAVS as described in Fig. 8C. However, the interaction between NS6 and the CTD 

335 of RIG-I or the Hel and CTD of MDA5 appears to block the dsRNA binding sites 

336 (CTDs or Hel), resulting in RIG-I/MDA5 having a reduced dsRNA-binding ability 

337 and less subsequent type I IFN production. Because NS6 is not a RNA-bhiding 

338 protein, the possibility that NS6 inhibits SeV/poly(I:C)-induced IFN-P production by 

339 competing with RIG-I/MDA5 for dsRNA binding can be excluded (Fig. 7). Thus, it is 
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340 possible that NS6 competes with dsRNA for binding to RIG-I/MDA5. The 

341 competition binding experiment results (Fig. 8) support this hypothesis, which is 

342 illustrated in Fig. 8C using R1G-I as a representative receptor. Indeed, previous work 

343 has also shown that the overexpression of the CTD inhibits RIG-I-dependent 

344 signaling in response to SeV infection (69), and the possible mechanism for it is 

345 mediated through the sequestration of viral RNA produced during SeV infection (52). 

346 Overall, our experiments reveal that NS6 utilizes a mechanism that is different from 

347 those of other viral proteins previously reported to antagonize RLR-mediated IFN-P 

348 production. 

349 The N S6 protein is unique to PDCoV with no significant homology to other viral 

350 proteins of known coronaviruses. Previous work has shown that PDCoV NS6 is 

351 expressed during early virus infection and is distributed in the cytoplasm (19). It 

352 seems likely that the early expression of NS6 proteins in virus-infected cells is 

353 important because their direct interaction with RIG-I or MDA5 functions to prevent 

354 the recognition viral dsRNA by these proteins. It should be noted that the identified 

355 function of NS6 to antagonize IFN production in the present study is derived from 

356 overexpression and should be further tested in the context of live virus infection. 

357 Regrettably, a PDCoV reverse genetics system was not available when this work was 

358 conducted, preventing further investigation of the NS6 IFN antagonist activity at the 

359 level of virus infection in vivo. We are currently working to establish a PDCoV 

360 reverse genetics system, which will allow the generation of mutant or deletion viruses 

361 that can be used to further explore the functions of NS6 protein, such as the effects of 
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362 NS6 deletion on the IFN-fi production, viral replication, and/or host spectrum. 

363 Interestingly, this study found that PDCoV NS6 appears to interact preferentially 

364 with RNA-binding proteins, even though it is not a RNA-binding protein itself. In 

365 addition to the well-known RNA-binding proteins RIG-I and MDA5, PDCoV N 

366 protein was also found to be a RNA-binding protein (Fig. 7), and NS6 interacts with 

367 N protein (data not shown). Our previous study showed that PDCoV NS6 is 

368 associated with the purified viral particle, and NS6 is mainly localized in the 

369 endoplasmic reticulum (ER) and ER-Golgi intennediate compartments, which are the 

370 sites of coronavirus assembly and packaging (19). Whether or not the interaction 

371 between NS6 and N protein is associated with viral replication and assembly is 

372 currently under investigation in our laboratory, and the resulting findings will greatly 

373 improve our understanding of the role of NS6 protein in viral replication and 

374 pathogenicity. 

375 In summary, we report that overexpression of accessory protein NS6 antagonizes 

376 IFN-fS production via interacting with RIG-I/MDA5 to impede their association with 

377 dsRNA, leading to the blockage of the beginning PRRs-dsRNA-recognition step. To 

378 date, only PDCoV nsp5 (70, 71) and NS6 protein (this study) have been identified as 

379 IFN antagonists, while at least eight proteins encoded by SARS-CoV have been 

380 identified as IFN antagonists (26, 27, 39, 72-74). The further identification and 

381 characterization of PDCoV-encoded IFN antagonists will accelerate the elucidation of 

382 the association between PDCoV and the IFN signaling pathway, which may lead to 

383 the development of novel effective therapeutic strategies and vaccines. 
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384 

385 MATERIALS AND METHODS 

386 Viruses and cells. The PDCoV strain CHN-HN-2014 (GenBank accession number 

387 KT336560) used in this study was isolated in China in 2014 from a piglet with severe 

388 diarrhea (75). SeV was obtained from the Centre of Virus Resource and Information, 

389 Wuhan Institute of Virology, Chinese Academy of Sciences. VSV-GFP was gifted by 

390 Dr. Zhigao Bu at the Harbin Veterinary Research Institute of the Chinese Academy of 

391 Agricultural Sciences. HEK-293T cells were obtained from the China Center for Type 

392 Culture Collection and maintained at 37 °C in 5% CO 2 in Dulbecco's Modified 

393 Eagle's medium (Invitrogen, USA) supplemented with 10% heat-inactivated fetal 

394 bovine serum (FBS). The LLC-PK1 cells used for PDCoV propagation were 

395 purchased from the ATCC (ATCC number CL-101) and grown under the same 

396 conditions described above. 

397 

398 Plasmids and dual-luciferase reporter assay. The NS 6 gene from PDCoV strain 

399 CHN-HN-2014 was amplified with the primers PDC 0 V-NS 6 -F and PDC 0 V-NS 6 -R 

400 (Table 1) and cloned into pCAGGS-HA-N with an N-terminal HA tag or 

401 pCAGGS-Flag-N with an N-tenninal Flag tag, and named pCAGGS-HA-NS 6 and 

402 pCAGGS-Flag-NS 6 , respectively. The PDCoV N gene was also cloned into 

403 pCAGGS-Flag-N with an N-tenninal Flag tag using the primers PDCoV-N-F and 

404 PDCoV-N-R (Table 1), and the resulting plasmid was named pCAGGS-Flag-NP. The 

405 luciferase reporter plasmids IFN-fi-Luc, NF-kB-Luc, and IRF3-Luc have been 
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406 described previously (76). The expression plasmids for Flag-tagged RIG-1 and its 

407 constitutively activated mutant (RIG-IN), MDA5, MAVS, TBK1, and IRF3 and its 

408 constitutively activated mutant (IRF3-5D) have also been described previously (77). 

409 The GFP expression plasmid (pEGFP-Cl) was purchased from TaKaRa (Japan). 

410 Three characteristic functional domains of RIG-I or MDA5, including the 2CARD 

411 (RIG-I aa 1 to 228; MDA5 aa 1 to 295), the helicase domain (RIG-I aa 229 to 803; 

412 MDA5 aa 296 to 827), and the CTD (RIG-I aa 804 to 925; MDA5 aa 828 to 1025 ), 

413 were cloned into the pCAGGS-Flag-N vector using the primers listed in Table 1, and 

414 the resulting expression constructs were named as pCAGGS-Flag-2CARD(RIG-I), 

415 pCAGGS-Flag-2CARD(MDA5), pCAGGS-Flag-Hel(RIG-I), 

416 pCAGGS-Flag-Hel(MDA5), pCAGGS-Flag-CTD(RIG-I), and 

417 pCAGGS-Flag-CTD(MDA5), respectively. All plasmids were verified by sequencing. 

418 For luciferase reporter assays, HEK-293T or LLC-PK1 cells grown in 24-well plates 

419 were transfected using Lipofectamine 2000 (Invitrogen) with a luciferase reporter 

420 plasmid (IFN-|3-Luc, NF-kB-Luc, or IRF3-Luc) and pRL-TK (Promega), together 

421 with the indicated expression plasmid or an empty vector. At 24 h after transfection, 

422 the cells were stimulated with SeV (10 hemagglutinating activity units/well) or 

423 poly(I:C) (InvivoGen, USA) for 12 h. Subsequently, the firefly luciferase and Renilla 

424 luciferase activities from lysed cells were evaluated through the Dual-Luciferase 

425 reporter assay system according to the instructions from the manufacturer (Promega). 

426 Representative data from three independently conducted experiments are expressed as 

427 the relative firefly luciferase activities with normalization to the Renilla luciferase 
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428 activities. 

429 

430 RNA extraction and quantitative real-time RT-PCR. To confirm the effects of NS6 

431 protein on SeV replication, HEK-293T cells in 24-well plates were transfected with 

432 increasing amounts of NS6 expression plasmids. After 24 h, the cells were 

433 mock-infected or infected with SeV for 12 h. Total RNA was extracted from the 

434 treated cells with TRIzol reagent (Invitrogen), followed by first-strand cDNA 

435 synthesis by using avian myeloblastosis vims (AMV) reverse transcriptase (TaKaRa, 

436 Japan) with the indicated primers (Table 1). Each quantitative real-time PCR (qPCR) 

437 experiment was perfonned at least three times and was conducted via the SYBR green 

438 PCR assay (Applied Biosystems) using the cDNA described above as template. The 

439 results are expressed as the relative gene expression level with nonnalization to the 

440 expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

441 

442 IFN bioassay. To measure the effect of NS6 on the amount of IFN production by 

443 FIEK-293T cells following stimulation by SeV, IFN bioassays were performed as 

444 described previously (54). 

445 

446 Western blot analysis. HEK-293T cells grown in 60-mm dishes were transfected 

447 with the indicated plasmids for 24 h. The cells were mock-infected or infected with 

448 SeV for 8 h. The transfected cells were harvested with lysis buffer (4% SDS, 3% 

449 dithiothreitol [DTT], 0.065 mM Tris-HCl [pH 6.8], 30% glycerin) supplemented with 
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450 a protease inhibitor cocktail and a phosphatase inhibitor cocktail (Sigma). Equal 

451 amounts of proteins were subjected to separation by 12% SDS-PAGE and then 

452 transferred to a polyvinylidene difluoride membrane, followed by blocking with 5% 

453 nonfat milk in PBST with 0.1% polysorbate-20 and subsequent treatment with the 

454 indicated primary antibodies, rabbit anti-p-IRF3, anti-p65 (ABclonal), anti-p-p65, and 

455 anti-IRF3 (Cell Signaling Technology), and mouse anti-Flag or -HA antibodies (MBL) 

456 at 37 °C for 4 h. After washing three times with PBST, the membranes were incubated 

457 with horseradish peroxidase (HRP)-conjugated secondary antibodies (Beyotime, 

458 China) for 45 min at room temperature. After washing three times, the membrane was 

459 visualized by enhanced chemiluminescence reagents (ELC; BIO-RAD). The 

460 expression levels of P-actin were detected with a mouse anti-P-actin monoclonal 

461 antibody (MBL) and used as indicative of whether or not the protein sample loading 

462 was equal. 

463 

464 Co-IP and western blot analyses. Co-IP assays were performed as described 

465 previously (77). HEK-293T cells that had been cultured in 60-mm dishes were 

466 co-transfected with the indicated expression plasmids containing Flag or HA tags. 

467 After 28 h, the cells were harvested and lysed on ice with 0.5 ml of lysis buffer (50 

468 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 10% glycerin, 0.1% SDS, and 2 

469 mM NajEDTA) for 30 min at 4 °C. A portion of each supernatant from the lysed cells 

470 was used in the whole-cell extract assays. The remaining portions of the supernatants 

471 from the lysed cells were immunoprecipitated with affinity antibodies overnight at 
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472 4 °C and then treated with protein A+G agarose beads (Beyotime) for 5 h at 4 °C. The 

473 beads containing immunoprecipitates were washed three times with 1 ml of lysis 

474 buffer. Whole-cell extracts and immunoprecipitates were resuspended in SDS-PAGE 

475 loading buffer, boiled at 95 °C for 5 min, and then subjected to 12% SDS-PAGE and 

476 transferred to polyvinylidene difluoride membrane, followed by western blot analyses 

477 with the indicated antibodies. 

478 

479 Poly(I:C) pulldown assay. HEK-293T cells grown in 60-mm plates were transfected 

480 with 4 pg of each of the indicated expression plasmids, including Flag-tagged RIG-I, 

481 N and NS6, or empty vector for 24 h. The cells were harvested and lysed on ice with 

482 400 pi of lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 10% 

483 glycerin, 0.1% SDS, and 2 mM Na 2 EDTA) supplemented with a cocktail of protease 

484 inhibitors (Sigma). The clarified cell lysates were mixed with a prepared suspension 

485 of poly(I:C)-coated agarose beads and incubated for 4 h at 4 °C. The beads were 

486 washed three times with 1 ml of lysis buffer by multiple centrifugations and then 

487 subjected to western blotting analysis by using mouse anti-Flag antibody (MBL) as 

488 the primary antibody, followed by treatment with HRP-conjugated goat anti-mouse 

489 IgG. 

490 

491 Indirect immunofluorescence assay (IFA). Monolayers of HEK-293T cells seeded 

492 onto coverslips in 24-well plates were transfected with pCAGGS-HA-NS6 or empty 

493 vector for 24 h. The cells were then mock-infected or infected with SeV for 8 h. The 
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494 cells were subsequently fixed with 4% paraformaldehyde for 15 min and then 

495 penneated with methyl alcohol for 10 min at room temperature. After three washes 

496 with PBST, the cells were blocked with PBST containing 5% bovine serum albumin 

497 (BSA) for 1 h, followed by incubation separately with a rabbit polyclonal antibody 

498 against IRF3 (1:200) or against p65 (1:200) or a mouse anti-HA antibody (1:200) for 

499 1 h at 37 °C. The cells were then stained with secondary antibodies Alexa Fluor 

500 594-conjugated donkey anti-mouse IgG and Alexa Fluor 488-conjugated donkey 

501 anti-rabbit IgG (Santa Cruz Biotechnology) for 1 h at 37 °C, followed by treatment 

502 with 4', 6-diamidino-2-phenylindole (DAPI) (Beyotime) for 15 min at room 

503 temperature. Fluorescent images were visualized with the use of a confocal laser 

504 scanning microscope (Fluoviewver.3.1; Olympus, Japan). 

505 

506 Statistical analysis. Statistical differences were detennined by one-way ANOVAs 

507 using GraphPad Prism 5.0 software. For all experiments, differences were considered 

508 to be statistically significant when p values were <0.05. 

509 
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753 FIGURE LEGENDS 

754 Fig. 1. NS6 inhibits SeV-mediated IFN-P production. (A and B) HEK-293T cells 

755 (A) or LLC-PK1 cells (B) cultured in 24-well plates were transfected with IFN-P-Luc 

756 plasmid and pRL-TK plasmid, together with increasing amounts (0.2, 0.4, or 0.8 pg) 

757 of plasmid pCAGGS-HA-NS6. At 24 h after transfection, cells were left untreated or 

758 were infected with SeV (10 hemagglutination units/well). The cells were then 

759 subjected to dual-luciferase assays at 12 h post-infection. The expression of PDCoV 

760 NS6 protein was confirmed by western blot with an anti-FIA antibody. P-actin served 

761 as a protein loading control. (C) F1EK-293T cells were transfected with the indicated 

762 amounts of pCAGGS-HA-NS6 or empty vector. At 24 h after transfection, the cells 

763 were infected with SeV for 12 h, after which cell supernatants were harvested. 

764 Following UV irradiation, the harvested cell supernatants were overlaid onto fresh 

765 FIEK-293T cells in 24-well plates. At 24 h after treatment, the cells were infected with 

766 VSV-GFP, and 12 h post-infection, virus replication was detected via fluorescence 

767 microscopy. (D) FIEK-293T cells grown in 24-well plates were transfected with 

768 increasing quantities of pCAGGS-F!A-NS6 or corresponding amounts of empty vector. 

769 At 24 h after transfection, cells were infected with SeV for 12 h. The total RNA was 

770 then extracted, and the SeV FIN gene expression level was analyzed via quantitative 

771 real-time RT-PCR, with normalization to the GAPDH gene expression level. The 

772 results shown are representative of data from three independent experiments, **p < 

773 0.01; ***p < 0.001. Non-significant differences in data are indicated as “ns”. 
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775 Fig. 2. NS6 inhibits activation of IRF3 and NF-kB. (A and B) HEK-293T cells 

776 were transfected with the indicated amounts of pCAGGS-HA-NS6 or empty vector, 

777 together with IRF3-Luc (A) or NF-kB-Luc (B) and pRL-TK plasmids, followed by 

778 stimulation with SeV, and they were analyzed as described in Fig. 1A. Anti-FIA 

779 antibody was used to detect the expression of PDCoV NS6, and anti-|3-actin antibody 

780 was used to detect (Factin protein by western blot, which served as a protein loading 

781 control. (C and D) F1EK-293T cells were transfected with pCAGGS-HA-NS6 or 

782 empty vector. After 24 h, the cells were infected with SeV or left untreated for 8 h. 

783 Cell lysates were collected for western blot analysis with primary antibodies against 

784 phosphorylated IRF3 (p-IRF3 Ser386) and total IRF3 (C) or phosphorylated p65 

785 (p-p65 Ser536) and total p65 (D), F1A, and P-actin. (E and F) F1EK-293T cells were 

786 transfected with pCAGGS-F!A-NS6 or empty vector, followed by mock infection or 

787 SeV infection for 8h as described for panels C and D. The cells were then fixed and 

788 subjected to an immunofluorescence assay with rabbit anti-IRF3 and anti-p65 and 

789 mouse anti-FlA antibodies as primary antibodies, followed by staining with secondary 

790 antibodies Alexa Fluor 488-conjugated donkey anti-rabbit IgG (green) or Alexa Fluor 

791 594-conjugated donkey anti-mouse IgG (red). DAPI staining (blue) indicates the 

792 locations of the cell nuclei. Fluorescent images were acquired with a confocal laser 

793 scanning microscope (Fluoview ver. 3.1; Olympus, Japan). *p < 0.05; **p < 0.01; 

794 *** p < 0.001. 

795 

796 Fig. 3. NS6 fails to inhibit IFN-P production induced by RLR signaling pathway 
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797 molecules. HEK-293T cells were transfected with IFN-|3-Luc, pRL-TK, and 

798 pCAGGS-HA-NS6 along with constructs expressing RIG-I/RIG-IN (A), MDA5 (B), 

799 MAVS (C), TBK1, IKKe (D), or IRF3 (E). Dual-luciferase assays were perfonned 28 

800 h after transfection. The relative firefly luciferase activity was relative to that of an 

801 untreated empty vector control, with normalization to the Renilla reniformis luciferase 

802 activity. The presented results represent the means and standard deviations of data 

803 from three independent experiments. The expression of N S6 protein was verified by 

804 western blot with anti-HA antibody. (Tactin served as a protein loading control. 

805 

806 Fig. 4. NS6 disrupts the IFN-P promoter activation induced by RIG-I or MDA5 

807 coupled with SeV or poly(I:C). HEK-293T cells were transfected with IFN-P-Luc, 

808 pRL-TK, and the other indicated expression plasmids. At 24 h after transfection, cells 

809 were stimulated with SeV/poly(I:C) or were left untreated for 12 h. Dual-luciferase 

810 assays were then perfonned as described in Fig. 3. The presented results represent the 

811 means and standard deviations of data from three independent experiments, ***p < 

812 0.001. Western blot analysis with anti-FlA antibody shows the expression of NS6 

813 protein, and western blot for P-actin served as a protein loading control. 

814 

815 Fig. 5. NS6 interacts with both RIG-I and MDA5. (A-D) F1EK-293T cells were 

816 co-transfected with pCAGGS-F!A-NS6 and Flag-tagged RIG-I (A and C), or 

817 Flag-tagged MDA5 (B and D), respectively. At 28 h after transfection, cells were 

818 lysed and subjected to immunoprecipitation analysis with anti-HA (IP: HA) or 
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819 anti-Flag (IP: Flag) antibody. The whole-cell lysates (WCL) and iminunoprecipitation 

820 (IP) complexes were analyzed via western blotting using anti-Flag, anti-HA, or 

821 anti-|3-actin antibodies. (E and F) HEK-293T cells were co-transfected with 

822 pCAGGS-HA-NS6 and Flag-tagged RIG-I (E) or MDA5 (F). At 28 h after 

823 transfection, the cells were fixed for immunofluorescence assays to detect NS6 

824 protein (red) and RIG-I or MDA5 (green) with anti-HA and anti-Flag antibodies, 

825 respectively. (G and H) HEK-293T cells were transfected with pCAGGS-HA-NS6 

826 and pEGFP-Cl, Flag-tagged RIG-I (G) or MDA5 (H) expression plasmids for 24 h, 

827 followed by the transfection of poly(I:C). Cells were lysed 36 h after transfection, and 

828 the clarified supernatants were left untreated or were treated with RNase A (50 ug/ml). 

829 The samples were then subjected to iminunoprecipitation assays using anti-HA MAb 

830 (IP: HA). Cell lysates and immunoprecipitated complexes were subjected to western 

831 blot assays as described in panels A and B. 

832 

833 Fig. 6. NS6 interacts with the carboxyl terminus domain of RIG-1 or the helicase 

834 and carboxyl terminus domains of MDA5. HEK293T cells were co-transfected 

835 with pCAGGS-HA-NS6 and the expression plasmids encoding the 2CARD, Hel or 

836 CTD of RIG-I/MDA5. Iminunoprecipitation assays with anti-HA (A and B) or 

837 anti-Flag (C and D) antibody (IP: HA or IP: Flag, respectively), and western blot 

838 analysis were perfonned as described for Fig. 5A and 5C. 

839 

840 Fig. 7. NS6 is not a RNA binding protein. HEK-293T cells were transfected with 
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841 plasmids encoding Flag-tagged RIG-I protein, PDCoV NS6 and N protein, or empty 

842 vector, respectively. Cells were lysed 28 h after transfection, and the resulting 

843 supernatants were incubated with poly(C)- or poly(I:C)-coated agarose beads for 4 h 

844 at 4 °C. The beads were then washed three times with lysis buffer by centrifugation, 

845 followed by western blotting analysis with mouse anti-Flag antibody. The 

846 poly(I:C)-coated agarose beads (pIC-beads) were prepared from poly(C)-coated beads 

847 (pC-beads; Sigma) by incubating them with an equal volume of 2 mg of poly(I) 

848 (Sigma) per ml for 1 h at 56 °C. 

849 

850 Fig. 8. NS6 hinders the combination of dsRNA with RIG-I/MDA5. (A and B) 

851 FIEK-293T cells were individually transfected with plasmids encoding Flag-tagged 

852 RIG-I (A), MDA5 (B), and increasing quantities of NS6 expression plasmids for 28 h. 

853 Lysates from the cells overexpressing NS6 were incubated with an equal volume of 

854 lysates from cells overexpressing RIG-I or MDA5, followed by treatment with 

855 poly(I:C)-coated agarose beads for 4 h at 4 °C. The beads were then washed three 

856 times with lysis buffer by centrifugation and subjected to western blotting analysis as 

857 described in Fig. 7. The number below pictures represents the relative level of 

858 RIG-I/MDA5 compared to control group via Image J software analysis. (C) A 

859 schematic diagram, using RIG-I acts as a representative protein, of the mechanism for 

860 NS6 protein inhibition of the RLR signaling pathway. In the inactivated state of RIG-I, 

861 the CARDs are bound to Hel-2i, which is unavailable for downstream signaling in this 

862 auto-inhibited state. The CTD, which is tethered to the red bridging helix by a flexible 
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863 linker, is able to sense RNA PAMPs. Upon virus infection, the CTD-bound dsRNA is 

864 pre-oriented to form a network of interactions with the helicase domains Hel-1 and 

865 Hel-2i, but not Hel-2, leading to the segregation of interaction of CARDs with Hel-2i 

866 and the subsequent availability for interaction with downstream signaling molecules 

867 (64). 
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(A) 


IP: pIC-beads 


WB: 

Lysate 


HA-NS6 

Flag-RIG-I 

WB: anti-Flag 

WB: anti-HA 

WB: anti-Flag 

WB: anti-HA 

WB: anti-P-actin 


+ + + + 


RIG I 

RIG I 

NS6 


Relative level of RIG-I 1.0 0.35 0.14 0.12 


(B) 

IP: pIC-beads 


— — - - MDA5 


WB: 

Lysate 


HA-NS6 - 
Flag-MDA5 + + + + 

WB: anti-Flag 

WB: anti-HA 
WB: anti-Flag 
WB: anti-HA 


WB: anti-P-actin 


MDA5 

NS6 


Relative level of MDA5 1.0 0.75 0.36 0.27 
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Table 1 . Sequences of the primers used for real-time PCR and construction of plasmids. 


Primer 

Nucleotide Sequence (5’- 3’) 

SEV-HN-F 

A A A ATT AC ATGGCT AGG AGGG A A AC 

SEV-HN-R 

GTGATTGGAATGGTTGTGACTCTTA 

h-GAPDH-F 

TCATGACCACAGTCCATGCC 

h-GAPDH-R 

GGATGACCTTGCCCACAGCC 

PDCoV-N-F 

ACTGAATTCATGGCTGCACCAGTAGTCCCTAC 

PDCoV-N-R 

CTAATCGATCTACGCTGCTGATTCCTGCTTTAT 

PDC 0 V-NS 6 -F 

ACTGAATTCATGTGCAACTGCCATCTGCAGC 

PDC 0 V-NS 6 -R 

CTGCTCGAGTTAATTTAATTCATCTTCAAG 

RIG-I-2CARD-F 

T AAATCGATATGACC ACCGAGC AGCG A 

RIG-I-2CARD-R 

CAGCTCGAGTCATGGACATGAATTCTC 

RIG-I-Hel-F 

T AAATCGATCCTTC AG AAGTGTCTG AT A 

RIG-I-Hel-R 

CAGCTCGAGCTTATCAGGGACAGGTTTTGG 

RIG-I-CTD-F 

AAATCGATGAAAATAAAAAACTGCTCTG 

RIG-I-CTD-R 

CAGCTCGAGTCATTTGGACATTTCTGC 

MDA5-2CARD-F 

GCGATCGATATGTCGAATGGGTATTCCACAGAC 

MDA5-2CARD-R 

GCGCTCGAGTTAATTCTCTTCATCTGAATCACTTC 

MDA5-Hel-F 

TCTATCGATATGGTGGCAGCAAGAGCATCCCCG 

MDA5-Hel-R 

TATCTCGAGTTACTCATCAGCTCTGGCTCGACCA 

MDA5-CTD-F 

TCTATCGATATGAGCACCTACGTCCTGGTTG 

MDA5-CTD-R 

GCGCTCG AGCT A ATCCTC ATC ACT A A AT A A AC 
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